The climatological annual cycle in surface air temperature, defined by its amplitude and 5 phase lag with respect to solar insolation, is one of the most familiar aspects of our climate 6 system. Here, we identify three first-order features of the spatial structure of amplitude and 7 phase lag and explain them using simple physical models. Amplitude and phase lag (1) 8 are broadly consistent with a land and ocean end-member mixing model, but (2) exhibit 9 overlap between land and ocean, and, despite this overlap, (3) show a systematically greater 10 lag over ocean than land for a given amplitude. Based on previous work diagnosing relative 
Introduction
It has been long understood that the annual cycle in surface air temperature is largely A number of simple models based on energy balance principles have also been applied to 48 the Southern Ocean and the North Atlantic, while the largest are in northeastern Eurasia.
98
Lag exhibits a clearer land-ocean dichotomy, with an average lag of 28 days over land and 58 99 days over ocean. This structure can be e ciently represented in polar coordinates (Fig. 2) , 100 where gain is indicated by the distance from the origin, and lag by the angle measured 101 counter-clockwise from the positive x-axis. The x-component is the gain that is in phase 102 with the sun, and the y-component is the gain that is in quadrature with the sun. Polar 103 coordinates o↵er the advantage that the mixing curve between two sinusoids is a straight 104 line, and we use this representation to define three characteristics of the annual cycle:
105
(1) Linearity: The first-order structure in polar coordinates is linear with both the in-106 tercept and slope positive. This relationship is consistent with a mixing model framework 107 wherein a continental component that has high gain and small lag is linearly combined with 108 an oceanic component that has low gain and large lag (Stine et al. 2009 ).
109
(2) Overlap: Ocean and land values overlap for both lag and gain. Land gridboxes 110 are found with smaller gains and larger lags than ocean gridboxes, and the converse. This 111 overlap is not a result of the coarseness of the grid that we employ because it exists even 112 after excluding all gridboxes that contain mixed ocean and land, as indicated by a one-degree 113 land mask. For instance, the gain of the annual cycle is 47% larger in the East China Sea 114 (27.5 N, 127 .5 E) than in central France (47.5 N, 2.5 E) , and the lag in southern Nunavut, analyze have gains ranging between the minimum land gain and maximum ocean gain, and 118 10% have lags ranging between the maximum land lag and the minimum ocean lag.
119
(3) O↵set: For ocean and land with the same gain, ocean gridboxes have a systematically 120 higher lag. This indicates that the greater lag over ocean is not only due to a higher heat 121 capacity. The di↵ering land and ocean behavior can most easily be seen when focusing 122 on a single latitude band (e.g. Fig. 2c ). Rather than exhibiting a land-ocean symmetry, 123 the amount of change in lag related to a specified change in gain is dependent on whether 124 gain is increasing or decreasing in the direction of the prevailing Westerlies. 
174
A map of RLI (Fig. 4) than ocean, where it explains 93% and 72% of the variance, respectively.
192
As can be seen when T RLI is projected into components that are in phase and in quadra- predictor adds little to no explanatory power with respect to the annual cycle.
200
The misfit between our Lagrangian metric of the annual cycle, T RLI , and the observations,
201
T HadCRU , can be measured by the root mean square error, RMSE(x,y) = ( 
Note that the model retains no vertical structure in either the atmosphere or ocean and that 232 the temperatures in both can be viewed as representative of their respective mixed layers.
233
The numerical values for all model parameters are in Table 1 . prescribed to be equal to that attained in the no atmospheric circulation case.
254
The increased lag over ocean can be understood through considering the influence of decrease the lag over land. These two e↵ects combine to produce the lag o↵set in the model
268
(e.g. Fig. 5b-e) .
269
Examination of the modeled heat fluxes (Fig. 6) particularly on the rate of change of lag across ocean basins, but the general structure is 289 retained, and the gain and lag between the base case and these other choices for  are 290 correlated with R 0.97 and R 0.89, respectively.
291
The zonal flow model can also be applied to the land-ocean configuration of a specific 292 latitude band, for which we choose 45-50 N, and compared to the observed annual cycle 293 there (Fig. 7c, d) and (3)). The initial condition for the air parcel comes from the closed-loop zonal flow model 312 after also integrating it to a steady annual cycle under the same model parameters.
313
To sample a larger fraction of the distribution of parcel source regions (e.g. Fig. 3 ), 
317
The energy balance model outputs across each trajectory are then averaged to create a 318 climatology for comparison to observations.
319
The model climatology captures 94% of the space-time variance of the monthly tempera-320 ture climatologies in the latitude band considered (Fig. 7a) , including the more rapid changes 321 in lag across ocean than land, the rapid decrease in gain at the western edge of the Pacific
322
Ocean, and the more rapid increase in gain across North America than Eurasia. The energy 323 balance model that incorporates the HYSPLIT information captures basin-scale features 324 substantially better than is the case when a constant zonal flow is assumed (Fig. 7c,d ).
325
The primary model-data misfit arises from the model producing too large a lag in the 326 interiors of ocean basins, and we speculate this is due to lack of model mixed layer dynamics 
Conclusion

336
The extratropical annual cycle is characterized by (1) a first-order linear structure con-337 sistent with an end-member mixing framework, (2) a land-ocean overlap in gain and lag, and We thank Andrew Rhines for assistance in running HYSPLIT and helpful discussions, 2 ) and the normalized temperature response (dark red, C (kW m 2 ) 1 ). The normalized temperature response is multiplied by a value of 0.2 to plot on the same axes as net heating. 
